Abstract Gobies of the genus Luciogobius have unusual morphological adaptations to interstitial rocky coastal habitats in far eastern Asia; an elongated scale-less body, the loss the first dorsal fin, and a drastically increased number of vertebrae. Convergent evolution makes the species distinction difficult and the existence of many cryptic species has been postulated. Two divergent lineages of L. guttatus had been reported with the possibility of niche differentiation between marine and brackish habitats. Here, we quantitatively assessed the water salinity of the habitats used by the two lineages in Hokkaido, Japan, as well as their morphology. One lineage occurred exclusively in high-salinity habitats in intertidal zones (>25‰) and the other occurred mostly, but not exclusively, in low-salinity habitats near river mouths (<5‰). This result, together with mtDNA molecular phylogeny, suggests that the brackish type might have originated from a marine ancestor. Two lineages occurred sympatrically on some shores. No apparent difference was observed in the external morphology between the lineages, whereas the number of vertebrae was significantly different. Our results support the preposition that the divergent lineages within L. guttatus represent cryptic species.
Introduction
Gobies of the genus Luciogobius have unusual morphological adaptations to interstitial rocky coastal habitats in far eastern Asia (Yamada et al. 2009 ); the bodies are elongated and lack scales, the first dorsal fin is absent, and the vertebral column has an unusually large number of vertebrae (Akihito et al. 2000) . The peculiar appearance is described by the Japanese common name "mimizu-haze" (English translation: "worm-goby"). The convergent morphological adaptation of Luciogobius gobies to interstitial habitats makes species distinction difficult. In fact, the existence of cryptic species of the genus has been indicated, which can be differentiated only with great difficulty using morphological criteria but can readily be identified by genetic analysis. Suzuki et al. (2004) predicted that the number of Luciogobius species may almost double if such cryptic species are described as separate taxa. Indeed, Yamada et al. (2009) detected at least 17 putative spespecies through mtDNA (cytochrome-b region) and nuclear DNA (ITS region) sequencing. However, morphological, ecological and environmental data for putative cryptic species are almost lacking (but see Yamada et al. 2009 ). Mukai and Nishida (2004) reported two divergent mtDNA lineages within L. guttatus, which might have been differentiated five million years ago. They also noted that one lineage was found in rocky shores and the other in river mouths, although no quantitative assessment has been done. Yamada et al. (2009) confirmed the divergent lineages of L. guttatus with both mitochondrial and nuclear DNA. They estimated the divergent time to be 2-3 million years ago. Therefore, the two lineages may represent cryptic species. To confirm the cryptic species, however, further ecological and morphological surveys are required.
In this study, we quantitatively assessed the habitat salinity and morphology of the divergent lineages of L. guttatus on Hokkaido Island, Japan, to support the ecological differences between the putative cryptic species. We also investigated to what extent, if any, they occur sympatrically within the same shores. L. guttatus are widely distributed around the Japanese archipelago, but one lineage may occur mostly in the western side of Japan (i.e., Sea of Japan) whereas the other in the eastern side (Pacific Ocean) based on the limited sampling of a previous study (Mukai and Nishida 2004) . The present study also provides basic biogeographic information on gobiidae species in the northern range margin where the faunal compositions remains largely unknown. Specifically, we investigated whether the Tsugaru Strait between Hokkaido and Honshu islands has been a major geographical barrier for the coastal species similar with many terrestrial and freshwater animals and plants (Dobson and Kawamura 1998; Aizawa et al. 2007; Sota and Hayashi 2007; Koizumi et al. 2012; Watanabe 2012) .
Materials and methods
Luciogobius gobies and bio-(phylo-)geographic patterns of Japanese coastal species
Luciogobius gobies occur in far eastern Asia, including easternmost Russia and mainland China, the Korean peninsula, the Japanese archipelago, Taiwan, Hainan Island, and Hong Kong (Yamada et al. 2009 ). Sixteen Luciogobius species has been described so far through the distribution range of the genus, and 15 are found in Japan (Arai 1981; Suzuki et al. 2004; Kanagawa et al. 2011) . High species richness in Japan is probably due to a great diversity of habitats resulting from the wide occurrence of gravel-rich shores in the country and also from the wide climatic range, spanning cool-temperate through subtropical zones. However, due to strong human impacts on coastal areas in the past century, such as construction of harbors, moles, and land reclamation (Washitani 2008) , some Luciogobius gobies have been declining (e.g. Ministry of the Environment 2003).
Most Luciogobius species and/or divergent lineages within species (i.e. putative cryptic species) distribute in allopatry within the Japanese archipelago, although some species spread widely, such as L. guttatus, L. elongatus, and L. grandis (Yamada et al. 2009 (Yamada et al. 2009 ).
It is important to investigate bio-and phylogeography of Japanese coastal species, such as gobies, because some clear patterns have been detected in terrestrial and freshwater species across the Japanese archipelago. In many terrestrial animals and plants, as well as freshwater species, the Tsugaru Strait has been a major historical barrier, separating the fauna and flora of Hokkaido from those of the rest of Japan (Aizawa et al. 2007; Dobson and Kawamura 1998; Sota and Hayashi 2007; Koizumi et al. 2012; Watanabe 2012) : the biogeographic boundary delineated by the Tsugaru Strait is called the Blakiston's line. Some coastal marine species, on the other hand, have diverged significantly between the western and eastern sides of Honshu Island, i.e. Sea of Japan and Pacific Ocean, respectively, although few samples from Hokkaido were included (Kojima et al. 1997; Akihito et al. 2008; Kokita and Nohara 2011; Hirase et al. 2012) . Therefore, it is important to see whether the Tsugaru Strait has been a major barrier for coastal species as well and whether eastern and western divergence has been recognized also within Hokkaido Island. To do so, we examined the broad phylogeographic structure of Luciogobius gobies to draw inferences on population history, using our data, together with information in the DDBJ genetic databank.
Distribution of Luciogobius gobies in Hokkaido
Between May 2008 and September 2009, we sampled 59 locations around the coast of Hokkaido, including the surrounding islands (Fig. 1) . We chose diverse habitats along river mouths and in intertidal zones to include as many species as possible. Water salinity was measured with a PAL-06S ATAGO meter near the sea floor, as Luciogobius gobies are benthic. All gobies were caught in a dipnet by one person, Seiya Hashimoto; he collected fish for 1 h at each location. When Luciogobius was present at a location, fewer than seven individuals per morphologically distinct species (based on the criteria by Akihito et al. 2000 and Maeda et al. 2008) were sacrificed for subsequent analysis. We clipped a piece of the right-side pectoral fin for preservation in 95 % ethanol for later DNA extraction. The rest of the body was preserved in 10 % formalin for morphological measurements.
Morphological measurement
We followed Akihito et al. (2000) and Maeda et al. (2008) in the selection of morphometric traits: standard length (SL), pre-dorsal fin length (PDL), pre-anal length (PAL), vent to anal fin length (VAFL), head length (HL), snout length (SnL), eye diameter (ED), body depth (BD), pectoral fin length (P1L), pelvic fin length (P2L), caudal fin length (CL), number of dorsal fin rays (D), and number of anal fin rays (A). The number of vertebrae (V) was also counted from radiographs taken by a multi soft X-ray film shooting apparatus (SOFTEX TYPE EMB CMB-2, SOFTEX CO., LTD, Kanagawa, Japan) with 2.5 mA and 30 kVp for 1-2 s. We standardized these traits by fish length (SD) except for numerical counts (i.e., D, A and V). We used Welch's t-test in the R 2.10.1 software package (Team 2009 ) to compare morphological traits between species or divergent lineages. Wilcoxon's rank sum test was also performed in the same program to compare habitat salinity between species or lineages.
Mitochondrial DNA phylogeny and phylogeography
We used a total of 76 fish from 25 Hokkaido locations for DNA analysis; we also included five individuals of L. guttatus provided by the Wakayama Prefectural Museum of Natural History (Table 1) . We analyzed the same mtDNA regions (12S rRNA and 16S rRNA for 568 bp and 482 bp, respectively) where Mukai and Nishida (2004) constructed a phylogenetic tree of Luciogobius gobies, including L. guttatus, L. pallidus, L. elongatus, and L. grandis. We combined our data with those from DDBJ to investigate phylogeny and phylogeography (Table 1) . Because only L. guttatus was detected among 76 fish collected in Hokkaido (see Results), we used the following L. guttatus samples from DDBJ; one individual from each of the collections at Yamagata (AB1231994, AB1231995), Kanagawa (AB121986, AB121987), Ehime (AB121996, AB121997), Kagoshima (AB108559, AB108569), and Iriomote Island (AB121988, AB121989), and two individuals from each of the collections at Wakayama (AB121998, AB122000, AB121999, AB122001) and Okinawa Island (AB121990, AB121992, AB121991, AB121993). The DNA sequence of Luciogobius pallidus in DDBJ (AB121984, AB121985) was used as an outgroup for constructing rooted phylogenetic trees.
Total genomic DNA was extracted with a PureGene DNA isolation kit (Applied Biosystems) following the manufacturer's instructions. DNA was dissolved in TE Fig. 1 Sampling locations around the island of Hokkaido. Black (N=35) and white (N=24) circles represent presence and absence of Luciogobius gobies, respectively. Numbers in the figure (i.e. 1-24) denote sample location ID (see Table 1 ) buffer (10 mM Tris-HCI and 1 mM EDTA; pH 7.5). We used the following PCR primers for 12S rRNA: OMT16SF (5′-TGC CAG CCA CCG CGG TTA TAC G-3′), tRNA02 (5′-GGA TGT CTT CTC GGT GTA AG-3′) and for 16S rRNA: L2510 (5′-CGC CTG TTT ATC AAA AAC AT-3′) and H3080 (5′-CCG GTC TGA ACT CAG ATC ACG T-3′) (Mukai et al. 2003) . All reactions were performed in 10-μl volumes using Takara PCR Thermal Cycler SP. The reaction mixture contained 0.5 U Taq polymerase (Ampli Taq Gold, Applied Biosystems), 0.5 μM of each primer, 0.2 mM dNTP, 50 mM KCl, 15 mM Tris-HCl (pH 8.0), 1.5 mM MgCl 2 , and about 50 ng of genomic DNA as a template. The PCR profile was 10 min at 95°C followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min. The PCR products were purified by PEG precipitation. Purified products were cycle-sequenced using an ABI BigDye terminator version1.1 Cycle Sequencing kit (Applied Biosystems) and run on an ABI PRISM 3130 genetic analyzer (Applied Biosystems). We used MrBayes 3.1.2 and PAUP 4.0b10 software for phylogenetic analyses by Bayesian phylogenetic analysis and maximum parsimony, respectively. Using the hierarchical likelihood-ratio test in MrModeltest 2.3 software, we determined that the GTR + G model was appropriate for the nucleotide evolution in our system. We ran MrBayes MCMC through 100,000 generations, of which the first 2,500 were discarded as burn in.
Results

MtDNA haplotype genealogy
Comparing our mtDNA haplotypes (12S rRNA and 16S rRNA) with those in DDBJ databank, all 76 individuals collected in Hokkaido were classified into L. guttatus. Together with additional 14 samples from other parts of Japan (Mukai and Nishida 2004) , a total of 35 haplotypes was detected in L. guttatus (Table 1 ). In the Bayesian tree using the GTR + G model, these haplotypes were clustered in two divergent lineages with high posterior probabilities (Fig. 2a) . Sub-group was also found within one lineage, consistent with previous findings (Mukai and Nishida 2004; Yamada et al. 2009 ). The maximum-parsimony (MP) tree almost exactly matched the Bayesian tree (Fig. 2b) . Inclusion of our Hokkaido samples did not significantly alter the phylogenetic trees previously reported (Fig. 3) : general patterns are as follows. Both divergent lineages (clade I and II) were found widely around the Japanese archipelago, although clade I tended to distribute in the Sea of Japan and clade II in the Pacific Ocean. Clade II was further divided into two sub-groups where clade IIA was found mostly in northern Japan and clade IIB in southern Japan. The distribution of clade I, on the other hand, was rather homogenous without prominent genetic clustering. For example, haplotype Hok22 occurred in southern Japan (Wakayama, Kanagawa) and on the northernmost island (Akaiwa on Rebun Island).
Distribution and habitat use of Luciogobius guttatus
As mentioned above, we found only Luciogobius guttatus around the coast of Hokkaido: other Luciogobius species was not detected. They occurred all around the coast, but not at some sites (24 of 59, Fig. 1 ) where substrata were fine-grained, e.g., sand and mud. Most of the specimens belonged to clade II. Clade I was found only from four sites but from both the Sea of Japan and Pacific Ocean. Of the four sites, clade I occurred sympatrically in three sites. Habitat salinity between the locations each clade was detected was significantly different (Fig. 4 , median = 33 and 1 for clade I and clade II, respectively, W=6.5, P=0.004). Clade I was found exclusively in high-salinity habitats (>25‰) in intertidal zones, whereas clade II occurred mostly in low-salinity habitats (< 5 ‰) near river mouths, with a few individuals occurring in highersalinity habitats (>25‰) (Fig. 2a) . The few individuals found in high salinity habitats in clade II should not result from temporary wash out via river current because some locations were not near river mouths or individuals were not caught during snow meting season. Hereafter, we designate the divergent lineage from low-salinity habitats as brackish type (clade II), and the lineage from high-salinity habitats as marine type (clade I).
Morphological differences between brackish and marine types
Across all 13 external characteristics we measured, there were no significant differences between brackish and Fig. 2 Bayesian tree (a) and Maximum-parsimony tree (b) representation of the molecular phylogeny of Luciogobius guttatus (12S and 16S rRNA; 1050 bp). L. pallidus is the out-group. Open circles in a are the haplotypes detected in the locations where water salinity is 20 or less, whereas filled squares are those detected in the locations where water salinity is more than 25 marine types (Table 2 ). When we standardized traits by SL, three of ten proportional characters differed significantly between types. The BD, P1L, and P2L of the marine type were greater than measurements on the brackish type, although ranges widely overlapped. The number of vertebrae, however, was significantly different between the brackish and marine types.
Discussion
We quantitatively confirmed the previous note (Mukai and Nishida 2004 ) that one lineage within L. guttatus occur high salinity habitats and the other low salinity ones. Importantly, the marine type was restricted to fully saline waters, whereas the brackish type occurred in both high-and low-salinity habitats. This is reasonable considering that most Luciogobius gobies are marine species (Yamada et al. 2009 ) and it is hypothesized that the brackish type might have originated from a marine ancestor, most probably from the marine type of L. guttatus.
External morphology was indistinguishable between marine and brackish types of L. guttatus. They inhabit similar interstitial habitats and, therefore, morphological convergence may maintain the similarity. However, size-standardized body depth, and pectoral and pelvic fin lengths were statistically different between the marine and brackish types, although the range overlapped widely. Interestingly, the shape of pelvic fins is markedly different among putative cryptic species in Luciogobius elongatus (Yamada et al. 2009 ). In addition, different Luciogobius species inhabit shores with different gravel sizes (Yamada et al. 2009 ). Therefore, the observed morphological difference might represent their microhabitat preferences to the gravel size. The number of vertebrae, on the other hand, was clearly different between the lineages. Luciogobius gobies have evolved to increase the number of vertebrae and this morphometry should be a good indicator of species identification (Yamada et al. 2009 ). Thus, our results add pieces of evidence that the marine and brackish types represent distinct species.
No significant genetic divergence was observed between Hokkaido and Honshu islands for both marine and brackish types of L. guttatus, contrast with many terrestrial and freshwater species. Similarly, no divergence was observed between samples from western and eastern sides of Hokkaido, although the sampling location is limited for marine types. These gobies should have the potential of long-distance dispersal ability perhaps due to ocean currents because they have pelagic larval stage (Dôtu 1957) . This is especially plausible for marine types considering the widespread haplotype and no prominent genetic structure within the Japanese archipelago. On the other hand, west-east comparison in Honshu Island was difficult due to limited sampling locations. Since strong genetic divergence has been observed between western and eastern lineages in Table 1 ). M1-M12 are the locations examined in Mukai and Nishida (2004) Fig. 4 Frequency distributions of water salinities (‰) in habitats where brackish (white bar) and marine (shaded bar) types of goby were collected several coastal marine species in Honshu Island (Kojima et al. 1997; Akihito et al. 2008; Kokita and Nohara 2011; Hirase et al. 2012 ), further assessment is certainly required.
Habitat differentiation (i.e., intertidal rocky shores vs. river mouth) may be a primary factor contributing to reproductive isolation between two types. However, marine and brackish types occurred sympatrically on some shores. Such salinity-differentiated cryptic species also occur in Pomatoschistus gobies in France, but they reproduce viable offspring in sympatry (Berrebi et al. 2005; Rigal et al. 2008) . Since no hybrid have been observed so far between the two lineages of L. guttatus and they might have diverged several million years ago (Yamada et al. 2009 ), reproductive isolation might have had been completed in our gobies. Experimental approaches, such as artificial breeding and salt-water challenge test, would clarify the mechanisms of reproductive isolation for the marine and brackish types of L. guttatus. Further investigation is needed to better understand the biology of Luciogobius gobies since they are unique coastal species around the Japanese archipelago Trait abbreviations: SL standard length, PDL predorsal-fin length, PAL pre-anal length, VAFL vent to anal fin length, HL head length, SnL snout length, ED eye diameter, BD body depth, P1L pectoral fin length, P2L pelvic fin length, CL caudal fin length, D number of dorsal fin rays, A number of anal fin rays, V number of vertebrae *Sample size for the number of vertebrae for brackish type is 12, whereas that for marine type is eight and could provide an interesting model system for adaptive radiation (Yamada et al. 2009 ).
